I. INTRODUCTION
One of the primary examples for the importance of hydrogen bonding is its role in the structural selectivity of the pairing of nucleic acid bases in DNA [1] . Here double and triple hydrogen bonds (HBs) are formed whose theoretical characterization still poses a challenge as it combines many features of multidimensional condensed phase quantum dynamics. Infrared (IR) spectra are particularly sensitive to HB formation. The broad lineshapes not only contain information on the intramolecular couplings, but the underlying fluctuation dynamics also reflects the interaction with the surrounding medium [2, 3] .
The spectroscopic signatures of hydrogen bonding in heterodimers of various bases have been investigated in different phases. Isolated adenine:thymine pairs, for instance, were studied in gas phase using IR-UV double resonance experiments [4] . This provided evidence that Watson-Crick pairing does not result in the most probable form under these conditions. Later, the dominant tautomer could be identified on the basis of quantum dynamical simulations of IR spectra including anharmonicity [5] . Ultrafast nonlinear IR spectroscopy has been used to scrutinize the vibrational dynamics of individual base pairs in solution [6] . Here it was found, for instance, that the life time of the H-bonded NH stretching fundamental transition decreased by a factor of three as compared to the monomer case, thus demonstrating the effect of HB mediated anharmonic couplings. The next step in complexity has been addressed by ultrafast two-color IR studies of the HBs in DNA oligomers. Heyne et al. showed that excitation in the fingerprint region provides, by virtue of the anharmonic couplings, a means to identify, for instance, the symmetric NH 2 stretching vibration of adenine:thymine pairs upon probing in the 3200 cm −1 range [7] . In the linear IR spectrum this range is completely masked by the absorption of water molecules. Subsequently, the assignment has been confirmed by anisotropy measurements [8] .
Since first principles quantum dynamical simulation of condensed phase HB dynamics will remain elusive different approximate strategies are usually followed. In order to capture the electronic structure associated with H-bonding density functional theory (DFT)
seems to be most appropriate as long as stacking interactions are of minor importance [9] . By running classical trajectories with on-the-fly DFT forces the IR spectrum can be obtained from the Fourier transform of the dipole autocorrelation function. Of course, this completely neglects quantum effects in the nuclear motion. The latter are frequently accounted for by quantum correction factors [10] . Car-Parrinello molecular dynamics (CPMD) has proven to be particularly well-suited for simulating condensed phase dynamics including H-bonded systems. A pioneering contribution has been given by Silvestrelli et al. who determined the IR spectrum of liquid water [11] . Subsequent applications to aqueous solutions, e.g., of uracil have been summarized in Ref. [12] . More recent studies focussed on strongly H-bonded system like the Zundel cation in the crystalline phase [13] .
In principle quantum effects for the fast proton stretching motion can be recovered by calculating its potential energy curve for selected configurations along the CPMD trajectory (snapshot potentials). Upon solving the stationary Schrödinger equation for these potentials one obtains a set of fundamental transition frequencies. The combination of CPMD and snapshot potentials for the proton stretching motion has been put forward in
Ref. [14] . In this reference an intramolecular N-H · · · O HB in a Mannich base in gas and crystalline phase was considered. The IR spectrum has been calculated by convolution of the stick spectrum obtained along the trajectory with a Gaussian. This gave a band maximum below 2000 cm −1 , considerably red shifted with respect to the estimated experimental value. Interestingly, the analogous simulation in CCl 4 solution gave a band whose first moment has been well above 2000 cm −1 , pointing out the sensitivity with respect to the environment [15] . In Ref. [16] the method was applied to an N-oxide which exhibits two rather strong nonequivalent O-H · · · O HBs in the unit cell. Here, two-dimensional snapshot potentials including the bending vibration of the HB had been considered as well. Finally, a different N-oxide in the crystalline phase with a rather strong HB was studied in Ref. [17] . In this case a 1000 cm −1 broad distribution of transition frequencies for the OH-stretching fundamental was found from one-dimensional snapshot potentials in reasonable agreement with experiment.
Quantum Mechanics/Molecular Mechanics (QM/MM) hybrid methods have been developed to cope with situations where only a part of a large system needs to be treated at the quantum mechanical level (for a review, see Ref. [18] ). Here the crucial point is the interface between the QM and MM parts and in the context of CPMD different schemes for the most delicate issue of the nonbonding electrostatic interactions have been developed [19, 20] . A series of impressive applications to the IR spectroscopy of various forms of water clusters in a model of bacteriorhodopsin has been presented in Refs. [21, 22, 23] .
Recently, we have applied the QM/MM approach to the determination of the IR lineshape of the uracil NH stretching vibration in a modified adenine:uracil (A:U) pair in deuterochloroform solution [24] . In doing so we made use of an empirical NH-frequency-N · · · N-distance correlation which gave access to the fluctuating transition frequency along the trajectory (see also Ref. [25] ). From the autocorrelation function of this transition frequency the lineshape could be determined. This procedure gave the band maximum at 3209 cm −1 and the full-width at half maximum (FWHM) of 39 cm −1 , both values being in reasonable agreement with experiment [6] .
In the present contribution we will extend our previous study in several respects.
First, the IR spectral features of both intermolecular HBs are investigated. This requires to establish a distance-frequency correlation for N-H · · · O HBs which is done on the basis of available crystal structure data. Alternatively, we explore the possibility to use snapshot potentials for obtaining this correlation curve. It will turn out that the snapshot frequencies underestimate the average transition frequency considerably and are of little use for the considered intermolecular HBs. In order to scrutinize this issue we report an investigation of the influence on the used pseudopotential (PP) and kinetic energy cut-off parameter in the DFT calculation. Besides the IR spectrum we will put emphasis on the geometric correlations across the double HBs which can be obtained along the trajectory. This concerns in particular the linearity, planarity, and the correlation between HB distance and proton position.
The paper is organized as follows: In the next Section II we start by defining the model system and the QM/MM protocol. Further, the issues of geometric correlations and lineshape analysis are discussed. In Section III we first give results on geometric correlations before we come to the lineshape and its dependence on the PP used. The results are summarized in Section IV.
II. METHODS

A. QM/MM Protocol
We will investigate the vibrational dynamics of 9-ethyl-8-phenyladenine (A) and 1-cyclohexyluracil (U) solvated in CDCl 3 which has been studied experimentally by
Woutersen and Cristalli [6] . To this end a hybrid QM/MM method is used as implemented in the Gromacs/CPMD interface [20] . All atoms of the A:U pair except those belonging to the substituents are dealt with quantum mechanically by the CPMD package [26] . The substituents themselves as well as the solvent are described by the OPLS all-atom force field [27] as implemented in Gromacs [28] . H-atom capping is used to saturate the dangling bonds at the QM/MM boundary (see Fig. 1 ). In the simulation a single A:U pair is Subsequently, trajectories were propagated up to 5.0 ps using different PPs and cut-off parameters, i.e., VB [29] with a cut-off of 30 Ry and 40 Ry, Troullier-Martins (TM) PP [30] with 70 Ry and 100 Ry, and Goedecker (GO) PP [31] with 100 Ry and 140 Ry.
Except for the comparative studies the results presented are based on the TM PP using a cut-off of 70 Ry.
B. Hydrogen Bond Geometry
Hydrogen bonds A-H· · · B display remarkable correlations in their geometry. Limbach and coworkers promoted a model which gives a simple explanation of these correlation in terms of valence bond orders p i viewing the HB as composed of two diatomic units A-H and B-H with bond lengths R 1 and R 2 , respectively [32] : 
where R eq i is the equilibrium bond length of the hypothetical nonbonded diatomic and b i is a parameter describing the change of the bond valence upon bond stretching. If one assumes that the total bond order is unity, i.e. p 1 + p 2 = 1, the two bond lengths cannot be changed independently. This can be alternatively expressed in terms of the deviation from the HB center (R 1 − R 2 )/2 and the HB length R 1 + R 2 . The correlation curve so obtained from numerous structural data expresses a fact well known from quantum chemical studies of potential energy surfaces, namely that the HB is compressed upon H transfer while passing the transition state [2] . This correlation for a given type of HBalthough expressed in Eq. (1) by four parameters only -yields a rather robust description of the HB geometries (see, e.g. the case of N-H· · · N bonds in Refs. [32, 33] 
for which p
Here, c and d are parameters to be determined by fitting geometric correlations to experimental data.
The change in the potential energy surface which is reflected in the above geometric correlation also manifests itself in a dependence of the AH stretching frequency on the HB length. In a seminal work Novak collected experimental data on different H-bonded crystals to establish A-B bond length-frequency correlation for N-H · · · N and O-H· · · O bonds [35] . Later, this study was extended to asymmetric HBs by Mikenda [36] . For the case of N-H· · · N bonds the correlation has been expressed previously by the function [24] 
where ω ∞ is the free NH stretching frequency in gas phase (for parameters see caption of Fig. 6 ). Eq. (3) can also be used for asymmetric HBs such as those of N-H · · · O type involving also HBs formed by amine groups (see Supplementary Information). The advantage of such relation is obvious, it allows to assign stretching frequencies along a trajectory on the basis of atomic coordinates only [24] .
C. IR Lineshape
In the classical limit the IR lineshape can be calculated straightforwardly from the trajectory by means of the dipole-dipole correlation function [45] . Here we will use lineshape theory and account for the quantum nature of the high-frequency proton stretching vibrations. Specifically, we will calculate their gap correlation function, defined for some fundamental stretching frequency, ω 10 (t), along a trajectory as follows:
where ω 10 denotes the mean value along the trajectory. Assuming a second order cumulant expansion to hold the IR spectrum can be expressed via the lineshape function
as [37] σ
Of course, Eq. (4), is a classical quantity and does not satisfy detailed balance. There are various recipes to compensate for this deficiency by introducing quantum correction factors [10] . Recently, Skinner and coworker gave an interesting account on this issue which revealed that for the exemplary case of HOD in D 2 O quantum corrections have a only modest influence on the IR lineshape [38] . In order to take into account quantum effects we will fit the classical correlation function to the expression obtained within the multimode oscillator model [37] 
where S(ω j ) is the dimensionless Huang-Rhys factor giving the coupling strength between the two-level system and the bath mode with frequency ω j . These two sets of parameters are used for fitting the real part of C(t) obtained from the classical molecular dynamics which in turn gives the imaginary part as well.
III. RESULTS
A. Geometry-based Correlations
In Fig. 2a and 2b an otherwise frozen geometry for some representative points along the trajectory. Interpolating these data one will have at hand a distance-frequency correlation to be used for all points along the trajectory. Fig. 5 depicts a representative potential for the N-H · · · N HB and its dependence on the form of the PP. First, we notice that up to the overtone excitation the potential is rather well described by an anharmonic oscillator and the second rather shallow minimum corresponding to an H transfer configuration is energetically not favorable. Second, apart from the shape of this shallow transfer minimum the three PPs give rather similar fundamental transition frequencies, which are 2634 cm −1 for VB, 2647 cm −1 for TM and 2600 for GO. Third, the fundamental transition frequency in the 2600 cm −1 range is considerable lower than the experimental value of 3185 cm −1 [6] .
A more complete picture is obtained from Fig. 6a where we show results from snapshot frequency calculations with the VB, TM and GO PPs sampled along the trajectory. They reproduce the expected qualitative dependence on the HB length, but are red-shifted by about 450 cm −1 with respect to the empirical correlation curve obtained from crystal data.
This holds irrespective of the PP and cut-off parameter.
The first question to be clarified concerns the experimental assignment in Ref. [6] .
In fact the similar case of 9-ethyladenine and cyclohexyluracil in chloroform has been studied previously and it was found that self-association of U:U dimers occurs which would have an NH stretching absorption in the 3000-3200 cm −1 range as well. However, the association constant for U:U dimers is 15 times smaller than for A:U ones, so that Giving this evidence for the correct experimental assignment, we compare the present findings with recent gas phase quantum chemical studies of the thymine NH stretching vibration in the adenine:thymine base pair [5] . In harmonic approximation the DFT/B3LYP At this level of theory the N · · · N distance is 2.88Å, which is smaller than the average value obtained from the QM/MM trajectory. Therefore, the lower value of the NH stretching frequency in the gas phase is consistent with the stronger HB as compared to the solution phase. However, giving the empirical correlations discussed in the following the absolute value of the calculated frequencies appears to be considerably too small.
To cope with this problem we decided to resort to an empirical mapping of HB distances to the stretching frequencies. In Ref. [24] we have shown that this correlation plotted in Fig. 6a gives an average frequency of 3227 cm −1 for the VB PP with a cut-off of 30
Ry and using a 6.2 ps trajectory. Furthermore, the lineshape derived from the frequency fluctuations has been in good agreement with the experiment as well. This supports the assumption that despite the discrepancy in the absolute value of the stretching frequency the current QM/MM protocol provides a reasonable description of the fluctuations influencing the HB. We have extended this approach to the case of the N-H · · · O bond; the frequency-HB length correlation plot derived from available crystal data is shown in Fig.   6b . Notice that the data used included HBs involving amine groups, that is, the fact that the considered vibrations is actually of symmetric NH 2 character is taken care of by the empirical relation. The resulting time-dependent frequencies for the two HBs are given in Fig. 7 . 
B. IR Lineshape Analysis
The correlation function C(t) has been calculated for both HBs for the gap fluctuations shown in Fig. 7 . The results given in Fig. 8 reveal a rapid initial decay followed by pronounced oscillations lasting up to the 2 ps which can be covered by the available trajectory (for a convergence study, see also Ref. [24] ). In order to gain further insight into the distribution of modes coupled to the considered transitions, we have fitted C(t)
according to the Brownian oscillator model, Eq. (7). The chosen frequency range of 0-1770 cm −1 covers the low-frequency part of the calculated gas phase harmonic IR spectrum of the A:U pair. It is discretized into 20 modes whose frequencies and coupling strengths are used as fitting parameters. The distribution of coupling strengths S(ω) is shown in Fig.   9 . First, we notice that both distributions are dominated by low-frequency vibrations.
Second, in both cases we observe two smaller peaks which are around 200 and 500 cm for the FHWM. Of course, this result is not general in the sense that it is based on the proposed simulation protocol which includes the empirical mapping of distances to frequencies. Therefore using the larger cut-off of 100 Ry does not necessarily give an improvement. Another point to mention is that Tab This leads us to conclude that the quantitative difference between the two approaches is indeed merely a constant shift of the transition frequencies (cf. Fig. 6 ). underestimated. However, one should be aware that our simulation does neither include contributions from other high-frequency modes nor combination bands which could give rise to an additional broadening of the experimental spectra.
